Abstract. Fatigue is a common and serious health problem, and various dietary interventions have previously been employed to ameliorate fatigue. The aim of the current study was to investigate the anti-fatigue effects of Danish porcine placenta (DPP) and its major dipeptides, including leucine-glycine (LG) and glycine-leucine (GL). The anti-fatigue effects of orally administered DPP, LG and GL were determined using a treadmill exercise test and a forced swimming test (FST) in mice. Additionally, the anti-inflammatory effects of DPP,
Introduction
Fatigue induced by vigorous exercise results from peripheral alterations in muscles and alterations in the central nervous system (1) . Central fatigue has an important role in fatigue during exercise (2) . The activation of central dopaminergic systems influences exercise performance (3) and central depletion of dopamine, which is a neurotransmitter, has been previously associated with physical fatigue (4) . It is established that dopamine functions as an important regulator of the immune system, behavior and movement (5). Brain-derived neurotrophic factor (BDNF) levels alter with exercise and physical activity (6) , and mediate the trophic effect of dopamine receptor activation (7) . It has been reported that depletion of BDNF expression leads to stress in fatigue (8) . Therefore, BDNF is considered to be an attractive therapeutic target for the treatment of chronic fatigue (9) .
High intensity exercise increases the expression of proinflammatory cytokines in the muscle and blood (10) , and these increases lead to alterations in behavior and in basal ganglia dopamine function (11) . Various biochemical parameters, including lactate, lactate dehydrogenase (LDH), creatine kinase (CK) and blood urea nitrogen (BUN), are altered during fatigue (12) . In addition, oxidative stress induces fatigue with an increase in nitrite levels (13) , and alteration of mitochondrial functions by exposure to reactive oxygen species induces muscular fatigue (14) . Furthermore, catalase activity is diminished in fatigue (15) and superoxide dismutase (SOD) protects against superoxide radicals and represents a first-line defense against oxidative stress (16) .
Fatigue has been associated with an increased risk of malnutrition (17) . The authors' previous study reported that protein-energy malnutrition increases fatigue-associated parameters in a fatigue model (18) , and protein supplementation was reported to improve muscle protein synthesis following exercise (19) . Also, our previous report demonstrated that fermented placenta, which contains biologically active compounds such as proteins and peptides, ameliorates physical fatigue (20) . Leucine has important biochemical functions in the brain, such as the synthesis of dopamine, which is derived from aromatic amino acids, and leucine supplementation limits the development of fatigue (6) . In addition, glycine-rich sea cucumber peptides were reported to exhibit an anti-fatigue activity (21) . Therefore, the present study investigated the anti-fatigue effects of Danish porcine placenta (DPP) and its dipeptides, leucine-glycine (LG) and glycine-leucine (GL), in mouse models of exercise-induced fatigue using a treadmill test and a forced swimming test (FST), which are useful for screening anti-fatigue drugs (22, 23) . In addition, the regulatory mechanisms of DPP, LG and GL on inflammatory responses were investigated in splenocytes.
Materials and methods

Animals.
A total of 40 Male ICR mice (4-weeks-old; weight, 20-25 g) were obtained from Dae-Han Experimental Animal Center (Dajeon, Korea) and were acclimatized to a controlled room for one week prior to experiments. The animals were kept at 22±1˚C with a relative humidity of 55±10% with a light/dark cycle of 12-h and ad libitum food and water availability. All experimental procedures were conducted in accordance with the ethical regulations of and approved by the Animal Care and Use Committee of Kyung Hee University [approval no. KHUASP (SE)-15-080].
Preparation of DPP. DPP was obtained in powder form from BIOFAC A/S (Kastrup, Denmark) and dissolved in distilled water (DW). LG (cat. no. G-2495; Bachem AG, Bubendorf, Switzerland) and GL (cat. no. M1460; Bachem AG) were dissolved in DW. Liquid chromatography/mass spectrometry/mass spectrometry demonstrated that 1 g DPP contains 240 µg LG, 1,463 µg GL, 6.05 mg leucine and 7.29 mg glycine (data not shown). Administered doses of DPP, LG and GL were determined as described in our previous report (20) .
Treadmill exercise test.
A treadmill exercise test was performed as previously described (20, 24) . Briefly, all mice were familiarized with the treadmill one week prior to the treadmill test. All mice ran on the treadmill at 10 m/min for 10 min, followed by 16 m/min for 10 min and 21 m/min for 10 min once a week for three weeks. The time to exhaustion for exercise (10 m/min for 5 min, followed by 16, 18, 21, 24, 26, 29, 32 , 34 and 37 m/min for 3 min each, and 40 m/min until exhaustion) was determined on the 21st day. The time to exhaustion during treadmill running was defined as the time between the commencement and the first failure to maintain treadmill exercise for >3 min (24) . Mice were assigned to one of four groups (n=5/group), including the control, DPP, LG and GL groups, according to previous reports (24, 25) . Mice were orally administered DW as a control group, DPP (0.1, 1 and 10 mg/kg), LG (1 and 10 mg/kg) or GL (1 and 10 mg/kg) for 21 consecutive days, as previously described (20, 26) .
Fatigue-associated parameter analysis. Following the treadmill exercise test mice were sacrificed and brains, muscle, liver and blood were obtained. A total of 800 µl blood was taken and serum was prepared by centrifugation at 1,900 x g at 4˚C for 10 min. Dopamine levels in the brain were determined using an ELISA kit (cat. no. MBS732020; MyBioSource, Inc., San Diego, CA, USA). The levels of LDH, lactate, CK, glycogen, catalase, SOD and glucose were determined using each kit (cat. nos. ab102526, ab65331, ab155901, ab65620, ab83464, ab65354 and ab65333, respectively; Abcam, Cambridge, UK). Cortisol (cat. no. ADI-900-071; Enzo Life Sciences, Inc., Farmingdale, NY, USA), BUN (cat. no. K024-H1; Arbor Assays, Inc., Ann Arbor, MI, USA), alanine transaminase (ALT; cat. no. MAK052; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and aspartate transaminase (AST; cat. no. MAK055; Sigma-Aldrich; Merck KGaA) levels in the serum were also determined using commercial kits.
Isolation of splenocytes. Splenocytes were isolated from spleen of male ICR mice (n=6). The spleen dissected and then placed into the cell strainer with RPMI-1640 medium at room temperature. The homogenized cell solution was centrifuged at room temperature, 480 x g for 5 min to obtain a single cell suspension with RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.; cat. no. 31800022) supplemented with 100 unit/ml penicillin, 100 µg/ml streptomycin and 10% heat-inactivated fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 5% CO 2 and 95% humidity. Splenocytes (2x10 5 ) were treated with DPP (0.1, 1 and 10 µg/ml), LG (0.1, 1 and 10 µg/ml) or GL (0.1, 1 and 10 µg/ml) for 24 h at 37˚C, and subsequently stimulated with immobilized anti-CD3 and soluble anti-CD28 antibodies (CD3 cat. no. 553057; 2 µg/ml; CD28 cat. no. 553294; 4 µg/ml, respectively; BD Pharmingen; BD Biosciences, Franklin Lakes, NJ, USA). Control cells were treated with distilled water.
Nuclear and cytosolic protein extraction. Splenocytes (3x10 5 ) were lysed with 400 µl ice-cold hypotonic buffer comprised of EDTA (0.1 mM), MgCl 2 (2 mM), Hepes/KOH (10 mM), PMSF (0.5 mM), DTT (1 mM) and KCl (10 mM) at (pH 7.9). Following centrifugation at 4˚C, 4 min, 600 x g, supernatant aliquots were analyzed for cytoplasmic proteins. Pelleted nuclei were lysed with 50 µl ice-cold saline buffer comprised of EDTA (0.1 mM), HEPES/KOH (50 mM), PMSF (0.5 mM), DTT (1 mM), KCl (50 mM), NaCl (300 mM) and glycerol (10%) at (pH 7.9). Following centrifugation at 4˚C for 15 min at 16,000 x g supernatant aliquots were analyzed for nuclear proteins. Protein levels were measured using a bicinchoninic acid protein assay (Sigma-Aldrich; Merck KGaA).
Western blot analysis. The protein expression of BDNF and phosphorylated-extracellular signal-regulated kinase (pERK) in the whole brain of mice, and the expression of caspase-1, nuclear factor (NF)-κB, phosphorylated-NF-κB inhibitor α (pIκBα), α-tubulin, and poly (ADP-ribose) polymerase (PARP) in splenocytes was determined by western blot analysis, as previously described (27 LG and GL and stimulated with CD3 and CD28 antibodies for 45 min at 37˚C. The cytosolic expression of caspase-1 and pIκBα was determined, while nuclear levels of NF-κB were measured with western blotting as described above.
Caspase-1 activity assay. Splenocytes (3x10 5 ) were treated with DPP, LG and GL and stimulated with CD3 and CD28 antibodies for 45 min at 37˚C. The caspase-1 activity in cytoplasm was measured using a caspase-1 kit according to the manufacturer's protocol (cat. no. K110-100; R&D Systems, Minneapolis, Minnesota, USA).
Cytokine levels. Cytokines levels in the serum and spleen following the treadmill exercise test at day 21, and cytokine production by splenocytes (2x10 5 ) treated with DPP, LG and GL and stimulated with CD3 and CD28 antibodies for 24 h at 37˚C, were measured by ELISA [kits used: IL-1β, mouse IL-1β antibody (cat. no. MAB401; R&D Systems, Inc.), mouse IL-1β biotinylated antibody (cat. no. BAF401; R&D Systems, Inc.), TNF-α-purified rat anti-mouse/rat TNF (cat. no. 551225; BD Pharmingen), biotin rat anti-mouse TNF (cat. no. 554415; BD Pharmingen) IL-6-purified rat anti-mouse IL-6 (cat. no. 554400; BD Pharmingen), biotin rat anti-mouse IL-6 (cat. no. 554402; BD Pharmingen), IL-4-purified rat anti-mouse IL-4 (cat. no. 554387; BD Pharmingen), biotin rat anti-mouse (cat. no. 554390, BD Pharmingen) IFN-γ-purified rat anti-mouse IFN-γ (cat. no. 551216; BD Pharmingen) and biotin rat anti-mouse (cat. no. IFN-γ 554410; BD Pharmingen)], as previously described (27) .
Nitric oxide assay.
Following the treadmill exercise test at day 21, nitric oxide levels in the serum of mice were measured using the Griess method (27) .
L6 cell culture. L6 cells, originally derived from rat skeletal muscle, have been previously employed in studies concerning muscle in animal models (28) . In the present study, L6 cells were obtained from the Korean Cell Line Bank (Seoul, Korea). Cells were cultured in Dulbecco's modified Eagle medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in 5% CO 2 /95% air and 95% humidity.
MTT assay. L6 cells (1x10 4 ) or splenocytes (2x10 5 ) were treated with DPP (0.1, 1 and 10 µg/ml), LG (0.1, 1 and 10 µg/ml) or GL (0.1, 1 and 10 µg/ml) for 24 h, followed by incubation with MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA) for 4 h at 37˚C in a 5% CO 2 atmosphere. Following dissolving formazan with dimethyl sulfoxide, cell viability was measured at 540 nm using an ELISA reader.
Proliferation assay. Splenocytes (2x10 5 ) were treated with DPP, LG and GL and stimulated with CD3 and CD28 antibodies for 48 h at 37˚C. Splenocyte proliferation was determined by measuring bromodeoxyuridine (BrdU) incorporation into cellular DNA during cell proliferation using a Cell Proliferation ELISA, BrdU (colorimetric; cat. no. 11647229001; Roche Diagnostics GmbH, Mannheim, Germany), which was performed according to the manufacturer's protocol.
Quantitative polymerase chain reaction (qPCR).
Total RNA from splenocytes was isolated using an easy-BLUE™ RNA extraction kit (Intron Biotechnology, Inc., Sungnam, Korea). Total RNA concentrations were evaluated using a NanoDrop spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). AccuPower ® RT-PCR PreMix from Bioneer (Daejeon, Republic of Korea) was used for RT at 42˚C for 1 h. qPCR was performed on an ABI StepOne Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) using SYBR-Green master mix (Applied Biosystems, cat. no. 4368577) for the detection of marker of proliferation Ki-67 (Ki-67) mRNA following synthesis of cDNA. The following PCR primers were used: Mouse Ki-67 forward, 5'CTT CAC TCT TAC TTT CCA CA'3 and reverse, 5'AAC ACC TAC AAA ATG ACT TC'3; and mouse GAPDH forward, 5'TCG ACA GTC AGC CGC ATC TTC TTT'3 and reverse, 5'ACC AAA TCC GTT GAC TCC GAC CTT'3. Cycling parameters were 95˚C for 2 min, following by 40 cycles of 95˚C for 30 sec, 60˚C for 20 sec, and 72˚C for 20 sec. The ratio of Ki-67 mRNA to GAPDH mRNA was calculated. Data were analyzed using the 2 -ΔΔCq method (29) . This experiment was repeated three times.
Forced swim test (FST).
A total of 35 male ICR mice were familiarized with forced swimming prior to administration of each sample, such as DPP, LG, and GL. When mice were placed into the cylinders for the first time, the mice swam around vigorously. Following 2-3 min, the mice cease the vigorous activity and exhibit a characteristic immobility in which the mouse moves only to maintain its head above water. The mice with the shortest and longest immobility times were excluded. Mice were assigned to one of seven groups (n=5/group), including the control, DPP (1 and 10 mg/kg), LG (1 and 10 mg/kg), and GL (1 and 10 mg/kg) groups based on the first recorded immobility times in pre-FST that performed prior to administration of each sample. Mice were orally administered DW as a control group, DPP (1 and 10 mg/kg), LG (1 and 10 mg/kg) or GL (1 and 10 mg/kg) for 21 consecutive days, and FST immobility times were determined for 6 min on the 21st day. The immobility times were calculated by measuring the duration of the period of vigorous activity during which the mice try to escape. This is an indication of physical immobility in FST (30) . The FST immobility times were considered to indicate the degree of fatigue on the 21st day (23) .
Statistical analysis. Sample size (n=5 mice per group, power 95%) was determined in a pilot study using two independent sample t-tests and a power analysis. In vivo data are presented as the mean ± standard error of the mean (SEM; n=5 per group). In vitro data are presented as the mean ± SEM of at least three independent experiments performed in duplicate or triplicate. Data normality was checked using the Shapiro-Wilk test and statistical analysis was performed by one-way analysis of variance with Fisher's least significant difference post-hoc test using SPSS statistical software 23 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
DPP,
LG and GL ameliorate fatigue following treadmill exercise. To determine the anti-fatigue effects following treadmill exercise, dopamine levels in the brain were measured following treadmill exercise. As demonstrated in Fig. 1A , DPP (10 mg/kg), LG (1 and 10 mg/kg) and GL (1 and 10 mg/kg) significantly increased the dopamine levels in the brain, compared with the control group (P<0.05). In addition, DPP (1 and 10 mg/kg),
LG (1 and 10 mg/kg) and GL (1 and 10 mg/kg) significantly increased the protein expression of BDNF and pERK in the brain following treadmill exercise, compared with the control group (P<0.05; Fig. 1B and C) . Furthermore, the time to exhaustion in response to treadmill running was significantly extended by treatment with DPP (10 mg/kg), LG (1 mg/kg) and GL (10 mg/kg), compared with the control group (P<0.05; Fig. 1D ). However, DPP (0.1 and 1 mg/kg), LG (10 mg/kg), and GL (1 mg/kg) did not significantly extend the time to exhaustion in treadmill running, compared with the control group.
LG and GL reduce inflammatory responses following treadmill exercise. As dopamine has been reported to control inflammatory responses in fatigue (31, 32) , the present study investigated whether DPP, LG and GL regulates levels of proinflammatory cytokines in the serum and spleen following treadmill exercise. As demonstrated in Table I, DPP, LG and GL significantly inhibited treadmill exercise-induced serum IL-1β, TNF-α, IL-6 and IL-4 levels, compared with the control group (P<0.05). In addition, DPP, LG and GL also significantly suppressed the IL-1β, TNF-α, IL-6 and IL-4 levels in the spleen compared with the control group (P<0.05; Table I ). However, compared with the control group, IFN-γ levels in the serum and spleen were significantly increased by DPP, LG and GL treatment (P<0.05; Table I ).
LG and GL regulate fatigue-associated muscle biochemical parameters following treadmill exercise. The present study also investigated whether DPP, LG and GL regulates muscle fatigue-associated biochemical parameters following treadmill exercise. The results demonstrated that DPP, LG and GL significantly reduced muscle LDH, lactate and CK levels, and significantly increased muscular glycogen LG, leucine-glycine dipeptide; GL, glycine-leucine dipeptide; BDNF, brain-derived neurotrophic factor; ERK, extracellular signal-regulated kinase; pERK, phosphorylated-ERK. levels, compared with the control group (P<0.05; Fig. 2A-D) . Subsequently, the present study investigated whether DPP, LG and GL may regulate muscle damage in an in vitro model using L6 cells. The results of the MTT assay demonstrated that DPP, LG and GL significantly increased L6 cell viability compared with the control group (P<0.05; Fig. 2E ). In addition, DPP, LG and GL significantly increased liver glycogen and catalase levels, compared with the control group (P<0.05; Fig. 2F and G) .
LG and GL reduce fatigue-associated biochemical parameters in the serum following treadmill exercise. As fatigue results from LDH or lactate increases in the serum following exercise, serum LDH and lactate levels were also measured in DPP, LG and GL-treated mice following treadmill exercise. As demonstrated in Fig. 3A and B, DPP, LG and GL significantly inhibited serum LDH and lactate levels compared with the control group (P<0.05). In addition, DPP, LG and GL significantly reduced serum nitric oxide levels and increased serum SOD levels, compared with the control group (P<0.05; Fig. 3C and D) . Furthermore, DPP, LG and GL significantly inhibited serum BUN, ALT and AST levels (P<0.05; Table II), while only DPP significantly inhibited serum cortisol levels (P<0.05; Table II), compared with the control group. In addition, DPP, LG and GL significantly reduced serum glucose levels compared with the control group (P<0.05; Table II) .
DPP, LG and GL increase splenocyte proliferation.
To assess the regulatory effects of DPP, LG and GL on splenocyte proliferation, splenocytes were stimulated with anti-CD3 and anti-CD28 antibodies, and BrdU incorporation and Ki-67 mRNA expression was subsequently determined. The results demonstrated that treatment with DPP, LG and GL significantly promoted BrdU incorporation and increased Ki-67 mRNA expression in activated splenocytes, compared with control splenocytes that were stimulated with CD3 and CD28 antibodies (P<0.05; Fig. 4A  and B) . MTT assay results demonstrated that DPP, LG and GL exhibited no cytotoxic effect on activated splenocytes (Fig. 4C) .
DPP, LG and GL regulate fatigue-associated cytokine levels in splenocytes.
Based on the observations that DPP, LG and GL reduced proinflammatory cytokine levels in the serum and spleen of mice following treadmill exercise, the present study further investigated the anti-inflammatory effects of DPP, LG and GL in activated splenocytes. The results of ELISA demonstrated that all three treatments significantly inhibited the production of IL-1β, TNF-α, IL-6 and IL-4 by activated splenocytes (P<0.05; Fig. 5A-D) . In addition, the current study also investigated whether DPP, LG and GL regulates the expression of upstream regulators of proinflammatory cytokines. The results demonstrated that DPP, LG and GL significantly suppressed caspase-1 activity and the protein expression of Table I . DPP, LG and GL reduce inflammatory responses following treadmill exercise.
A, Levels of inflammatory cytokines in the serum of mice following treadmill exercise DPP, mg/kg
LG, mg/kg The levels of IL-1β, TNF-α, IL-6, IL-4 and IFN-γ, in ng/ml, in the serum or spleen were determined using ELISA. The total protein in the spleen was evaluated with a bicinchoninic acid protein assay. Data are presented as the mean ± standard error of the mean, n=5 per group. a P<0.05 vs. control group. DPP, Danish porcine placenta; LG, leucine-glycine dipeptide; GL, glycine-leucine dipeptide; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon.
GL, mg/kg ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
kg ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
caspase-1 in activated splenocytes (P<0.05; Fig. 5E-G) , and also inhibited the nuclear translocation of NF-κB and reduced the levels of pIκBα in the cytoplasm (P<0.05; Fig. 5H and I) .
DPP, LG and GL regulate fatigue following FST.
To further define the anti-fatigue activity of DPP, LG and GL, another fatigue model, FST, was employed. As demonstrated in Figure 2 . DPP, LG and GL regulated fatigue-associated muscle biochemical parameters following treadmill exercise. The levels of (A) LDH, (B) lactate, (C) CK and (D) glycogen in the muscle of mice were determined using kits. n=5 per group. (E) L6 cells were treated with DPP, LG and GL for 24 h and cell viability was determined using an MTT assay. The levels of (F) glycogen and (G) catalase in the liver of mice were determined using kits. n=5 per group. Data are presented as the mean ± standard error of the mean. LG and GL reduced fatigue-associated biochemical parameters in the serum following treadmill exercise. The levels of (A) LDH, (B) lactate, (C) nitric oxide and (D) SOD in the serum of mice were determined following treadmill exercise. LDH, lactate and SOD levels were measured using kits, while nitric oxide levels were measured using the Griess method. Data are presented as the mean ± standard error of the mean, n=5 per group. * P<0.05 vs. control group. DPP, Danish porcine placenta; LG, leucine-glycine dipeptide; GL, glycine-leucine dipeptide; LDH, lactate dehydrogenase; SOD, superoxide dismutase. Fig. 6A , the immobility times during the FST were significantly reduced by treatment with DPP, LG and GL during the FST, compared with the control group (P<0.05). Furthermore, DPP significantly attenuated serum lactate levels following the FST, while LG and GL exhibited no Table II . DPP, LG and GL regulate fatigue-associated biochemical parameters following treadmill exercise.
DPP, mg/kg
LG, mg/kg GL, mg/kg ----------------------------------------------------------- LG and GL for 48 h and stimulated with CD3 and CD28 antibodies. Proliferation was determined using a BrdU incorporation assay. (B) Ki-67 mRNA levels were analyzed by reverse transcription-quantitative polymerase chain reaction. (C) Splenocytes (2x10 5 ) were treated with DPP, LG and GL for 24 h and stimulated with CD3 and CD28 antibodies. Cytotoxicity was assessed using an MTT assay. Data are presented as the mean ± standard error of the mean of at least three independent experiments performed in duplicate or triplicate. # P<0.05 vs. unstimulated splenocytes; * P<0.05 vs. stimulated splenocytes without DPP, LG or GL treatment. DPP, Danish porcine placenta; LG, leucine-glycine dipeptide; GL, glycine-leucine dipeptide; BrdU, bromodeoxyuridine; Ki-67, marker of proliferation Ki-67.
significant effect, compared with the control group (P<0.05; Fig. 6B ).
Discussion
In the present study, DPP, LG and GL improved treadmill exercise-induced exhaustive time through enhancing dopamine, BDNF and pERK levels in the brain, and decreasing LDH, lactate, CK, BUN, ALT and AST levels in the muscles or serum. Furthermore, DPP, LG and GL enhanced glycogen levels in the muscles, glycogen levels and catalase activity in the liver, and SOD activity in serum, and inhibited proinflammatory cytokine levels in the serum and spleen. The results indicated that DPP, LG and GL may inhibit proinflammatory cytokine production by reducing the activation of caspase-1 and NF-κB in activated splenocytes. Additionally, DPP, LG and GL also reduced immobility time during the FST. Endurance exercise induces neurochemical alterations, which include disruption of dopamine function in the brain (33) . Fatigue during prolonged exercise in rats was reported to be associated with reduced dopamine levels in the brain (34) , and increased dopamine levels improved endurance treadmill exercise performance in animals (35) , while reduced dopamine levels in the brain impaired treadmill running time to exhaustion in animals (36) . BDNF is reported to be involved in the maintenance and maturation of peripheral and central neurons in the developing nervous system (37) . It was demonstrated that dopamine-secreting neurons involved LG, leucine-glycine dipeptide; GL, glycine-leucine dipeptide; IL, interleukin; TNF, tumor necrosis factor; NF-κB, nuclear factor-κB; pIκBα, phosphorylated-NF-κB inhibitor α; PARP, Poly (ADP-ribose) polymerase.
in movement generation express BDNF (38) . Furthermore, BDNF levels were depressed in chronic fatigue syndrome (37) . A previous study demonstrated that BDNF levels may be associated with the activation of the ERK signaling pathway (39) , and ERK becomes activated by phosphorylation in response to various neurotransmitters, including dopamine (40) . It was previously demonstrated that enhancing dopamine levels by dopaminergic medication reduced fatigue in patients with chronic fatigue syndrome (41) . Additional studies reported that creatine supplement increased brain dopamine synthesis during exercise and diminished central fatigue, with reduced accumulation of lactate in humans (42, 43) . Furthermore, rutin attenuated physical fatigue by upregulating the expression of pERK (44) . In the present study, DPP, LG and GL enhanced dopamine, BDNF and pERK levels in the brain following treadmill exercise-induced fatigue. These findings indicate that DPP, LG and GL may exhibit anti-physical fatigue activity through regulation of central dopaminergic systems. However, the time to exhaustion did not change in parallel with dopamine levels in the present study. Thus, further investigation is required to clarify specific functions of DPP, LG and GL on dopaminergic systems of fatigue. Additionally, further experiments at lower doses of LG and GL are required as the dopamine levels were enhanced in mice that were treated with 1 and 10 mg/kg of LG and GL.
The effects of proinflammatory cytokines on ganglia dopamine are particularly relevant to fatigue (31) . In patients with psychological stress, proinf lammatory cytokine expression was associated with fatigue (32) . In addition, proinflammatory cytokines were reported to lead to a significant reduction of BDNF expression (45) . The low levels of dopamine observed in the brains of patients with chronic fatigue were reported to be associated with inflammatory responses or oxidative stress (46) , and oxidative stress induced by excessive exercise was associated with the production of nitric oxide metabolites (47) . Antioxidant enzymes, including SOD and catalase, remove free radicals and constitute an intracellular defense system (48); Wu et al (49) reported that an antioxidant regulated fatigue-associated factors and functioned as an anti-fatigue agent. In the present study, DPP, LG and GL inhibited IL-1β, TNF-α, IL-6, IL-4 and nitric oxide levels in the serum and/or spleen of fatigued mice, and enhanced SOD and catalase levels. In addition, proinflammatory cytokine production has been previously reported to occur via the activation of caspase-1 and the NF-κB/IκBα pathway in splenocytes (50) . In the present study, DPP, LG and GL reduced the production of IL-1β, TNF-α, IL-6 and IL-4, and the activation of caspase-1 and NF-κB nuclear translocation, in activated splenocytes. Therefore, the results of the present study demonstrate that DPP, LG and GL may prevent inflammatory responses and oxidative stress through blocking caspase-1/NF-κB signaling and regulating dopaminergic systems, subsequently moderating fatigue-associated factors.
The association between physical exercise and fatigue may be investigated by examining muscle metabolites. Lactate is considered to be an active metabolite that has a primary role in the induction of muscle fatigue (51) . In addition, physical fatigue-associated biomarkers, including serum lactate, BUN and glucose, and tissue damage markers, such as AST, ALT and CK, have been previously investigated in fatigue models (52) . Glutamine supplementation attenuated increases in prolonged exercise-induced CK levels and inflammatory markers levels (53) . In addition, curcumin supplementation decreased lactate, BUN, AST and ALT levels following physical challenge, improved exercise performance and prevented fatigue (54) . In the present study, DPP, LG and GL reduced LDH, lactate, CK, BUN, ALT and AST levels in the serum and/or muscle following treadmill exercise, and reduced lactate levels and immobility time following intensive swimming, which indicates that DPP, LG and GL may exhibit anti-fatigue effects. In addition, DPP, LG and GL enhanced L6 viability in the current study, indicating the potential amelioration of muscle damage.
CD28 molecule and CD3 T-cell receptors trigger T-lymphocyte proliferation and amplify antigen-specific immune responses (55) . Arginine was reported to promote splenocyte proliferation and improve immunity in a mouse model (56) . Serum IFN-γ levels and blood CD4-positive T-cell counts were lower in fatigued athletes compared with healthy controls, indicating a potential T-cell deficiency (57) . Fur thermore, INF-γ null mice exhibited impaired muscle healing associated with muscle fibrosis (58) . In the present study, DPP, LG and GL enhanced CD3 and CD28 antibody-induced splenocyte proliferation without any cytotoxic effect. In addition, in vivo experiments demonstrated that DPP, LG and GL enhanced IFN-γ levels in the serum and spleen of fatigued mice. These results indicate that DPP, LG and GL may exert beneficial effects on the immune system by increasing T-lymphocyte proliferation and IFN-γ levels, subsequently ameliorating physical fatigue.
Nutritional deficiencies have been reported to induce alterations in brain neurochemistry in conjunction with various psychological disorders or fatigue (59) , which highlights the role of nutrition in fatigue induced by exercise (60) . Leucine supplementation reduced inflammatory reactions and muscle pain following intensive exercise (61) and a supplement that included glycine improved exercise performance and reduced oxidative stress (62) . In addition, peptides from Pseudosciaena crocea prolonged exhaustive swimming time in mice and exhibited notable anti-fatigue effects (23) . The peptide glutamine is considered to be an essential nutrient for the prevention of fatigue in athletes (63) . Therefore, oral intake of LG, GL and DPP may be considered promising treatment strategies for fatigue. An effective dose of DPP as a health food for fatigue prevention may be 10 mg/kg based on the present study. However, further investigation is required to determine the clinical applications of DPP in humans.
DPP contains various compounds, including active and inactive compounds.
LG and GL are active compounds, and the doses of LG and GL used in the present study were higher than those that are present within DPP, as demonstrated by the results; overall, in the present study, the DPP group did not exhibit an increased effect compared with the LG or GL groups at the same dose, which may be explained by the difference between the amount of LG and GL present within DPP and the doses of LG and GL used in the present study.
In conclusion, the present study investigated the regulatory effects of DPP, LG and GL on fatigue-associated factors using treadmill exercise-induced and forced swimming-induced models of fatigue, in addition to the inhibitory effects of DPP, LG and GL on fatigue-associated inflammatory factors in splenocytes. Overall, the results of the present study demonstrated that DPP, LG and GL may prevent physical fatigue by inhibiting inflammatory responses through increasing dopaminergic systems following intensive exercise, indicating that DPP may be considered a potential treatment for fatigue.
